Various acoustical features of the fretted elavichord, in some ways the simplest of keyboard instruments, are investigated expedmeotally and theoretically. The unusual excitation mechanism, in which a metal blade strikes the string and holds it deflected, yields an excitation force spectrum level with a smooth slope of 6 dB/oct, though the radiated spectrum depends greatly on the properties of the soundboard. Energy loss from the paired strings occurs primarily through the bridge to the soundboard, interaction between the strings giving a two- 
INTRODUCTION
According to Sachs t the forerunner to the clavichord first appeared in the twelfth century and developed from an attempt to excite a monochord with a keyboard. By the end of the fourteenth century this instrument had developed into one having some eight strings, tuned in unison, and a system of metal blades or "tangents" on the ends of keys adjusted to strike the strings at various lengths to give a compass of more than two octaves. In the early fifteenth century this new instrument was named "elavichord," from "claris," a key, and "chords," a string, and by the mid-sixteenth century it had developed almost to its modern form. Th• earliest clavichord stillin existence, dated 1534, is very similar in its design to the now es- It has 20 string pairs of different length, cross-sectional area and tension, and is fretted to achieve a compass of four octaves, the lowest octave being a "short" octave with several missing notes. It thus has 45 keys. The principal features of the layout of the instrument are shown in Fig. 1 where the long dimension measures 1 m. As can be seen, it is quite small enough to be easily carried, one advantage of being fretted, and this probably explains the popularity it once enjoyed. Elecause the clavichord is very quiet, the trend towards louder music and more noisy'environments in the l•st 100 years had caused it to fade from the musical scene, but the present popularity of older music has renewed interest in it.
I. THE STRINGS AND KEYS
As shown in It soon became evident in our studies that the player, in striking a key, makes up for the simplicity of the key mechanism by the complexity of the human servomechanism involved in the "touch." The tangent rises about 3 mm to strike the string and a further 1-2 mm in deflecting the string. Although the tension is quite small, it is the "feel" of this string reaction which causes the player to stop the key. For this reason, to build a mechanical key player was judged too difficult. Figure 2 shows the variation of the tangent velocity during the striking of a note, in this case C 4. This was measured by observing the voltage generated in a small length of wire glued to the key near the tangent and moving in the field of a small magnet. It can be seen that the tangent accelerates from rest and then, after striking the string, decelerates towards rest in a displaced position. When in contact with the string, however, it also suffers small oscillations caused by the string vibration. The velocity v o of the tangent at the moment of striking the string is about 0.5 ms -• and it is brought substantially to rest after about 20 ms, corresponding to about four complete oscillations at the fundamental frequency of the string.
At the same time that this measurement was being made, a measurement was also made of electrical contact between the tangent and string, as shown in the lower part of the figure. The case, shown is typical and exhibits no sign of contact bounce, contrary to the view of Benade? Occasionally such bouncing does. occur and is more likely on some notes than others, but the bounce generally occurs some 15-20 ms after initial contact, corresponding to a natural resonance of the key-string-finger mechanism, and produces a "dead" and unsatisfactory sound. 
where a is a factor measuring the initial rate of deceleration. This would then give a wave on the string with displacement of the form
for x<ct, where c is the wave velocity on the string.
In fact this wave is folded back upon itself by reflections at the string ends, the sign of y being changed at each reflection. The particular form chosen to approximate the tangent velocity, however, makes evaluation of this resultant displacement relatively straightforward and its form is particularly simple if the time t is chosen as an integral number of wave transit times along the string, so that the leading edge of the initial wave has just reached one end. It is also useful to refer the displacement and velocity to the final di•-placed position of the string from the bridge to the tangent. The resulting displacement and velocity are then given in the limit of long times by t, _ _ ,,-.,.,r..) ] The plate modes were identified for the first five peaks that appear in Fig. 4. It was found that causes an effective mass increase of the plate which lowers its resonance, and the second an effective stiffness increase which raises the resonant frequency.
To treat the air resonance properly it is now only marginally justifiable to use a lumped-parameter electrical analog, for the system dimensions are no longer very small compared with the sound wavelength involved, but approach a quarter wavelength. For our present semiquantitative approach, however, such a simplification is justified. The electric analog network representing the system then has the form shown in Fig. 7(a) One feature of great interest in any instrument is the variation of intensity across the musical range. To measure this, four different experimenters in turn struck each note three times going from the bass td the treble and always endeavoring to strike the notes exactly evenly. In order to prevent them from compensating automatically for the perceived intensity in the manner of striking, the subjects wore earphones through which a masking white noise was played. The notes were recorded on tape through a pressure microphone one meter above the soundboard, and were subsequently analyzed by use of a measuring amplifier.
The results are plotted in Fig. 8(a) . There is sub- The decay time to inaudibility was measured by two experimenters using a stopwatch. Each one played the notes and took the average of three measurements for each note. The resultant data are plotted in Fig. 8(b) and, although the measurements were performed completely independently, the results are remarkably consistent.
The decay rate of sound depends on the rate of energy loss from the string, and it has already been shown that the main source of this loss is the energy trans-ferred to the soundboard through the bridge. The measured data show that, although the decay time to inaudibility decreases towards the treble, this happens by no means smoothly. There is considerable scatter in the low notes, again reflecting their unsatisfactory "touch," and then an almost flat region covering most of the range, broken by a few small peaks. This is followed by a sharp decline in the treble. The maxima centered around E 4 and E s are again at strong soundboard resonances. Considering that the sound we are hearing after the first few tenths of a second is predominantly the "aftersound" as defined by Weinreich we would expect the decay rate to depend to a large extent on the relative size of the real and imaginary parts of the admittance at the bridge pin in question. Now, around these peaks the admittance is largely real and the bridge is mostly dissipative so that, provided the tuning is close to uni&on, one of the normal modes of the string pair is almost the purely antisymmetric one which allows minimal energy loss to the soundboard, thus causing the note to be sustained longer.
IV. CONCLUSION
The clavichord, as keyboard instruments go, looks deceptively simple at first sight, but on closer examination it has proven to have as many subtleties and complexities as any musical instrument. However, it is possible to understand in detail some aspects of its soundboard and string behavior and to correlate this understanding with various features of its performance. In fact, in several instances it provides an illustration of principles which are present but obscured in more complex musical instruments.
Some of the clavichord's more obvious faults seem to be the result of compromise for convenience in the instrument's design. It is a much easier instrument to build than a harpsichord, and cheaper, and it is a much easier instrument to possess since it is small and conveniently shaped. On the other hand, its development may have been arrested by the popularity of the harpsichord, so that solutions for some of the more obvious faults did not evolve. However, as with all musical instruments its irregularities have now become its distinguishing characteristics, and it is very pleasant when used with the music designed for it.
